Abstract.-The rate constants for the turnover of cross-bridges during frog muscle contraction were determined from an analysis of the motion that follows step decreases in load. For a given projection from the myosin filament, there appears to be a range of about 100 X along the length of the filament over which the projection can attach to the actin filament and form a cross-bridge. The site of attachment is then displaced by a distance of this same order before the link is broken. The values of the rate constants also imply that a cross-bridge is formed each time an actin site comes within range of a myosin projection, so that the turnover of cross-bridges for a given contraction distance is independent of the speed of the motion.
There is considerable evidence that the contractile force of striated muscle fibers is developed by cross-bridges that form between the interdigitating myofilaments when the cell is activated. 1 The cross-bridges, which appear to consist of projections from the myosin-containing filaments that have attached to sites on the actin-containing filaments, break and reform when the myofilaments slide past each other and the cell shortens. This type of cyclic contraction mechanism was analyzed by A. F. Huxley2 in terms of (1) rate constants f and g which characterize the making and breaking of cross-bridges, respectively, and (2) the force function for a cross-bridge, k; it was shown that the steady forcevelocity and force-energy relations for frog muscle could be closely fitted when these functions were properly chosen and energy output was associated with cross-bridge turnover.
Additional constraints are imposed on the model parameters if non-steady as well as steady motions are accounted for. In the present study we have determined values of f, g, and k that produce isotonic velocity transients very much like those seen in living muscle fibers after step changes in load from Po to P < Po. 4 These functions provide quantitative information about the force-generating process in muscle at the molecular level and thereby place real limits on specific models of the contraction mechanism. ' Calculation technique.-The influence of f, g, and k on the response of the model to step changes in load was found by simulating the operation of the model, with various values of the parameters, on a digital computer.' Following the treatment of Huxley,2 actin sites were taken to be randomly distributed with respect to the projections on the myosin filament.7 The state of the system at a given time is then characterized by a distribution function, n(x), defined as the fraction of the actin sites at x that are attached to cross-bridges; the origin of the coordinate system is the position of the actin site at which the cross-bridge exerts zero force (Fig. la) . The contractile force developed by the cross-bridges is P = fk(x)n(x)dx.
(1)
The distribution function, and therefore the force associated with the crossbridges, can change due to both the passage of time and the relative movement of the myofilaments. The change of n with time is On -(a) Diagram of the coordinate system. x is distance between a site on the actin filament and the position at which an attached cross-bridge exerts zero force. The Z line to which the actin filament is connected is off the diagram to the right.
(b) Dependence of f and g on x. For f, a and b are the left-and right-hand limits, and h is the midpoint. For g the origin, 0, is the right-hand limit, and c locates a discontinuity in value. The unit on the ordinate is the value of f at x = h.
(c) Displacement of n associated with sudden change in force from Po to P < Po. The distribution function for P = Po is the rectangle (solid line) between x a and x = b. When the load is reduced from Po to P, the actin filament moves an amount Azo relative to the myosin filament, and the distribution of cross-bridges is displaced by the same amount; the displaced rectangle (shaded area) is the distribution function at the start of isotonic contraction. a is the additional displacement that brings the leading edge of n to the step increase in g at c.
In isometric contraction, there is no myofflament movement in the steady state and the force developed by the cross-bridges reaches Po. In this case, an/at = 0 and, from equation 2,
In isotopic contraction, the change ill force due to the change ill n with time is just balanced by the change in force due to the change in n with movement. The simulation starts when, because of a change ill load, the contraction suddenly changes from isometric to isotonic and the contractile force changes from Po to P < Po. This corresponds to an initial translation of ntp, (eq. 3) by 505 VOL. 64, 1969 PHYSIOLOGY: PODOLSKY ElT AL.
an amount Azo such that co P = fk(x)n(x + Azo)dx. This displaced distribution function is then taken as the initial value of n(x) in an iterative procedure for calculating Az,, the displacement increment after the ith time increment (At), and nf(x), the corresponding distribution function. The steps in the procedure are:
(III) Let ni(x) = n*(x + Az,) and return to I.
Step I changes the distribution function according to equation (2) . The force associated with the new (starred) distribution will generally be greater than P, so that muscle force exceeds the force of the load.8 Mechanical balance is restored by displacing the actin filament by an amount Az1, calculated in step II by a search procedures This is equivalent to the translation of the distribution function by the same amount, as indicated in step III. The time course of the motion is then, z(t) = z(iAt) = NAzi.
Two approximations were made to simplify the calculations. The first is to make use of f and g functions that do not overlap.'0 Then np, = 0 where f = 0 and nop = 1 where f 0 (Eq. 3). The second is to work with linear force functions, k = KX, where K is evaluated by normalizing the isometric force to unity, using equations (1) and (3). Under these conditions, the displacement of nfl, associated with the force step AP = Po -P is Azo = hAP/Po Figure 2 shows the response of a frog muscle-fiber preparation to the force step given on the right. Except for the motion after the smallest force step, where shortening is practically steady at the outset, the contraction velocity is first greater than, and then less than, the steady value. The non-steady motion can be characterized by its duration (the null time)" and its extent, 5, the contraction distance to the null time.
The time course of the transient suggests that cross-bridges formed on the right of the origin (Fig. la) , where they exert positive force, move some distance to the left of the origin, where they exert negative force and tend to retard the motion, before they have a very high probability of breaking. For this reason, the main part of the g function used in the present calculations was separated from the f function by a "gap" (a-c in Fig. lb) .
The motion can be thought of as the continuous movement of n past the g function (Fig. 1c) . The leading edge of n is the residue of the displaced initial lines above the transients in the motion join the start \ of isotonic contraction to the first null time. 5 is the distance between the start of isotonic contraction and 50\ the displacement at the first null time.
.4 I0msec distribution. Calculations with various combinations of f and g show that the steady contraction velocity is established very soon after the leading edge of n encounters the step rise in the g function at x -c. Since Azo, the initial displacement of the distribution function, increases in proportion to the force step (Eq. 4), the contraction distance to the first null time should decrease correspondingly if a gap were present between f and the major part of g. The data in Figure 3 , taken from an experiment published by Civan and Podolsky, 3 show that this is the case. The extrapolated value of 6 for AP/P0 = 0 gives the value of a-c, the distance between the left-hand edge of f and the step rise in the g function; from Figure 3 this is 60 A. When AP/Po = 1, Azo = h (Eq. 4), and the value of 6 at this force step is the additional displacement, (a-c)-h, required to bring the leading edge of n to the step rise in g. The data in Figure 3 show that this additional displacement is close to zero, so that h = 60 A. The same analysis of data from two other preparations (Civan and Podolsky, unpublished experiments) gave values of 45 A and 55 A for a-c, and 50 A and 60 A, respectively, for h.
When f and g were systematically varied within these constraints, we found that the transients in the model could be brought into reasonably good agreement with those in the actual motion by using the functions illustrated in Figure   lb with a = 0, b = 120 !, and c = -60 X. The calculated contractions for a range of force steps are plotted in Figure 2 below the traces of the actual motion. It is clear that the null times and the steady speeds are about the same in the two motions. For larger force steps, where the transients are less conspicuous, the steady speed of the computed motion remains within 20% of the observed velocity.
When the width of the f function was increased above 120 A (which seems unlikely since it implies that some of the cross-bridges exert negative force during isometric contraction) the magnitude of the displacement deviation during the non-steady motion was reduced. Decreasing the f function width below 80 A produced nonsteady motions which clearly differed from the actual motion; in addition, the steady motion could not be made to satisfy the physiological force-velocity relation. It appears, therefore, that the width of the f function is bracketed between 80 A and 120 A. Force-energy relation.- Figure 4 shows the distribution functions at the beginning of isotonic contraction (shaded area) and in the steady state (solid line) for the f and g functions used in Figure 2 . For both large and small forces (i.e., slow and fast steady contraction speeds) the value of n at x = 0 is very close to 1. Since n(0) is the probability that an actin site will form a cross-bridge during a transit of a myosin projection, this implies that cross-bridge turnover for a given amount of shortening is independent of contraction speed. If crossbridge turnover requires the hydrolysis of one ATP molecule, which is generally assumed to be the case, the energy consumption per unit shortening due to turnover would be independent of contraction speed. (Fig. 3) , or about 0.5% of the half-sarcomere length. Since the quick displacement required to reduce the force of the living muscle fiber from Po to 0 is about 1% of the fiber length, 12 half of the total appears to be due to strain of the cross-bridges. . . i :
-Change in n during isotonic contraction for three different force steps. The value of n at the start of isotonic contraction is shown by the shaded rectangle, and the steady state value is given by the solid line. Note that the area enclosed by the steady-state n is greater than that enclosed by the initial n. The rate constants are those given in the legend of Fig. 2 . Figure 5 shows the time course of the cross-bridge compliance of the model during isotonic contraction. The compliance decreases, nearly monotonically, with time. The magnitude of the compliance change is larger for the larger force steps; the time required for a steady value to be reached is close to the null time in the corresponding displacement trace.
This effect could be examined experimentally by comparing the compliance of a fiber that had been contracting isotonically for a given length of time with that of the same fiber contracting isometrically. However, the magnitude of the effect is relatively small: for a force step of 0.47, for example, the expected decrease in cross-bridge compliance is about 20%, which amounts to a change of 10% in the total fiber compliance. Nevertheless, data which gave only the sign of the compliance change would be a useful check on the present analysis, since the decrease in cross-bridge compliance of the model reflects the fact that the area under the distribution function increases wlhien the steady state is established (Fig. 4) . This increase in area is due to the gap betweeII f anid the step in g. bli models where the gap is absent, the cross-bridge compliance generally becomes greater, rather than smaller, in the steady state. This, for example, is the case with the rate functions used by Huxley (Fig. 6 in ref. 2) , since for all loads the area under the distribution function decreases, relative to the isometric value, when the steady state is established (Fig. 7 in ref. 2) .
Discussion.-The center of the f function we have used is offset from the position corresponding to zero force, which is the origin of the local coordinate system.'3 Equation (1) shows that this offset is necessary to produce isometric force, since nflO = 1 wherever f differs from 0. The interval between the zero of force and the center of the f function, derived from the influence of force step on the contraction distance to the null time (Fig. 3) , appears to be about 60 X.
Another characteristic of the rate constants is the "gap" of 60 A between f and the major part of g. This gap is responsible for the characteristic shape of the transients, for it results in cross-bridges which were formed on the right of the origin being carried to the left of the origin where they exert negative force and slow down the motion. The influence of the g of small magnitude in the gap is felt mainly when the motion is relatively slow (e.g., AP/Po = 0.06), in which case it removes curvature otherwise present in the displacement trace.
We have assumed that f is symmetrical with respect to h. This was largely done for convenience since the influence of f to the left of its midpoint has practically no effect on the motion. The reason for this is that the value of n is almost 1 by the time an actin site reaches the midpoint of f, even at the faster contraction velocities (Fig. 4 ). It appears, therefore, that the amplitude of f between a and h can be any value that drives the value of n in this region to 1 during isometric contraction, and that the contraction kinetics are affected almost entirely by the amplitude of f between h and b.
Although the calculated motion simulates the major features of the actual motion, discrepancies still remain. These are: (1) the magnitude of the displacement deviation is about half of that seen in the actual motion, and (2) second null times3 for the larger force steps are not seen in the model motion. Nevertheless, the general agreement between the model and the actual motion strongly suggests that the f and g functions used in the simulation represent processes that actually occur within the cell.
The values of these functions imply that the turnover of cross-bridges for a given contraction distance is independent of the speed of the motion. This does not agree with the usual interpretation of the heat and work production in contractions with different loads, which is that the chemical change associated with shortening is a function of contraction velocity.14 It should be pointed out, however, that the assumptions' that must be made when energy output of muscle is directly related to chemical change have not been verified, and they may not be correct. Additional experimentation is required to resolve this question.
The picture that emerges from our analysis is that a cross-bridge is made each time an actin site comes within range of a myosin projection (in contrast to the view that the probability of interaction is a function of the transit velocity) and that the average reach of a cross-bridge between making and breaking is of the order of 100 A. These properties of the force-generating process are both consequences of the relatively large gap between the left-hand limit of the f function and the major part of the g function.
